This study assessed the agreement between three methods of cardiac output (CO) measurement, thermodilution, the current clinical standard, and two transoesophageal echocardiographic techniques. Measurements were performed in 37 patients using thermodilution, continuous wave Doppler across the aortic valve and pulsed wave Doppler positioned in the left ventricular outflow tract. The aortic valve area was measured by direct planimetry, and the left ventricular outflow tract area was calculated from its diameter. Weighted least products regression analysis was employed to detect bias, and standard deviation of the difference (SDdiff) was calculated. There was no fixed bias but there was proportional bias between continuous wave Doppler and thermodilution methods (SDdiff 0.92 l/min). There was fixed bias but not proportional bias between pulsed wave and thermodilution methods (SDdiff 1.1 l/min). There was neither fixed nor proportional bias between pulsed wave and continuous wave Doppler methods (SDdiff 1.1 l/min). The transoesophageal Doppler methods described can be clinical alternatives to thermodilution cardiac output measurement.
The measurement of cardiac output (CO) is an important part of haemodynamic assessment in critically ill patients or those undergoing cardiac surgery. Transoesophageal echocardiography (TOE) is increasingly being used as a haemodynamic assessment tool in both the operating theatre and intensive care unit. Cardiac output can be measured using TOE by several different methods. Doppler measurements can be made through the left ventricular outflow tract [1] [2] [3] [4] , the aortic valve 4 , mitral valve 5, 6 , main pulmonary artery 6, 7 , or the right ventricular outflow tract 8 to determine stroke volume. Alternatively, left ventricular area change with 9, 10 or without 11, 12 automated border detection can be used to determine stroke volume. With the introduction of multiplane TOE imaging, good Doppler alignment with aortic outflow is possible in the majority of patients 13 . Although Doppler measurement through the aortic valve is gaining popularity, it is not always possible, especially if the valve is calcified. In these patients, measurement in the left ventricular outflow tract is still possible because the Doppler sampling position is proximal to the calcified leaflets. It is important to determine if measurement in the left ventricular outflow tract agrees with that through the aortic valve.
Cardiac output measurement is most commonly performed by thermodilution, using a pulmonary artery catheter. Although it is the clinical standard of practice, thermodilution is not an ideal reference or "gold standard". Ludbrook 14 describes the evaluation of thermodilution in the 1960s and 1970s where numerous investigators validated TD with direct Fick and dye-dilution methods in humans 15, 16 and animals [17] [18] [19] . Many of these studies were flawed by today's standards for comparison of methods. Most used least squares linear regression analysis and argued agreement based on correlation coefficients [15] [16] [17] [18] [19] . Another common fault was to combine many observations from a few subjects rather than one observation from each of many subjects 15, [17] [18] [19] . The animal experiments may bear little relevance to humans. The methods were flawed as above [17] [18] [19] and it is not possible to use Fick as the reference method unless the animals are anaesthetized. Despite these limitations, Ganz et al 15 in 1971 and Braithwaite and Bradley 16 in 1968 showed good correlation between thermodilution and Fick, and thermodilution and dye-dilution respectively in man, and started the era where thermodilution has become the most utilized method of cardiac output measurement.
Pulmonary artery catheters are potentially hazardous devices with a risk of serious complications 10, 20 . Furthermore, doubt has been cast on their benefit to patient outcome, with the pulmonary artery catheter associated with higher mortality and cost 20 . The haemodynamic information obtained from a pulmonary artery catheter differs from that available with TOE. It is not possible, for example, to differentiate primary systolic and diastolic dysfunction as the cause of a low cardiac output state using a PA catheter. With TOE, accurate assessment of ventricular filling, function and compliance can be obtained as well as a full echocardiographic study to determine causes of a low cardiac output state.
As the availability of TOE increases in the operating theatre and intensive care units, our reliance on the pulmonary artery catheter may diminish. This may reduce morbidity for the patients because of the less invasive nature of TOE 21 and the diagnostic information that it provides. Cardiac output remains an important part of haemodynamic assessment and despite the limitations of pulmonary artery catheters and thermodilution, any new technology will need to be compared to thermodilution to gain widespread acceptance.
The aim of this study was to compare three techniques for estimation of cardiac output, two Doppler methods, continuous wave at the aortic valve and pulse wave at the left ventricular outflow tract, and thermodilution, the current clinical standard.
METHODS
Approval was obtained from the Royal Melbourne Hospital Ethics committee for the study, and written informed patient consent was obtained. All patients were undergoing cardiac surgery. Patient monitoring included a thermodilution pulmonary artery catheter (834HF75, Baxter Healthcare Corporation, Irvine, CA) and TOE using a multiplane transducer (Omniplane I or Omniplane II transducer and Sonos 2500 machine, Hewlett Packard Co., Andover, MA.). Cardiac output measurements were performed prior to cardiopulmonary bypass during a stable haemodynamic period and without interrupting the respiratory cycle. All measurements were performed within a five-minute period. Complete data sets were obtained in 37 patients.
Patients were excluded from the study if there was greater than mild aortic regurgitation, atrial fibrilla-tion, inability to adequately visualize the left ventricular outflow tract or the aortic valve, if there was inadequate Doppler tracings or if the Doppler alignment angle was greater than 20°.
Techniques of cardiac output estimation 1. Thermodilution (TD CO): three measurements were averaged, using 10 ml of room temperature 5% dextrose solution as the injectate. If there was greater than 10% difference in the curves, further measurements were performed and the high and low values were excluded 22 . 2. Pulsed wave Doppler through the left ventricular outflow tract (PW CO). The left ventricular outflow tract was imaged from the mid-oesophageal 120°v iew and its diameter was measured from the inner edge to inner edge at the base of the aortic annulus or within 0.5 cm proximal to it. Left ventricular outflow tract (LVOT) area was calculated assuming a circular shape with the formula:
The time-velocity integral (TVI) was measured from the transgastric apical four-chamber or 120°L VOT views, depending on the best Doppler alignment. The sampling point was positioned in the middle of the LVOT at the level that the LVOT diameter was measured 3 . All echocardiographic measurements were performed on three consecutive cycles and averaged.
Continuous wave Doppler through the aortic valve
(CW CO). The aortic valve area was measured using direct planimetry of the fully opened valve in the 30 to 45° short axis mid-oesophageal view 23 . CW Doppler through the aortic valve was performed as above. Doppler CO was calculated according the following formula 8 :
CO=Orifice area x TVI x Heart rate
Statistical methods
In all three methods the level of cardiac output was not fixed or under the control of the investigators. Model II regression analysis was therefore employed for making comparisons between pairs of methods 23 . Because there was heterogeneity of variance around the regression lines (Figure 1 ), weighted least products regression analysis was used 24 . This provided best estimates of the regression coefficients (inter-cept=a; slope=b), together with 95% confidence intervals (CI) for the coefficients. The advantage of using weighted rather than ordinary least products regression analysis was borne out by the consistently narrower CI that resulted from using the former technique. If the CI for a did not include 0, it was inferred that there was a fixed bias between the methods. If the CI for b did not include 1, it was inferred that there was a proportional bias between the methods. That is, the difference between the two methods increased progressively as the level increased. The regressions were fitted using the LOSS function within Systat 7.01 (SPSS Inc., Chicago, IL). To allow comparison with other published studies the standard deviation of the difference between paired samples was calculated.
RESULTS
The outcome of pairwise comparison of the methods of measurement is given in Table 1 and Figure 1 . In brief, for the comparison of continuous wave and thermodilution cardiac output there was no fixed bias, but there was a proportional bias so that the values of cardiac output from the continuous wave method became progressively greater than those from the thermodilution method as the level increased. For the comparison of pulse wave and thermodilution cardiac outputs, there was fixed but not proportional bias. For the comparison of continuous wave and pulsed wave cardiac outputs methods, there was neither fixed nor proportional bias.
The standard deviation of the difference between paired samples was 0.92 l/min between continuous wave and thermodilution methods, 1.1 l/min between PW and TD methods and 1.1 l/min between continuous wave and pulsed wave methods.
DISCUSSION
Although there was bias detected between the Doppler and thermodilution methods it was on the borderline of significance of P<0.05 in both cases. In the case of pulsed wave and thermodilution cardiac outputs, the CI for the intercept a only just failed to include 0 and for continuous wave and thermo- dilution cardiac outputs, the CI for the slope b only just failed to include 1. This study also compared the two Doppler methods with each other and showed no bias, with narrower CI for both slope and intercept than their comparison with thermodilution. We used weighted least products regression to test for bias rather than the Bland and Altman method 25 because it is able to test for both fixed and proportional bias. Furthermore, the Bland and Altman method assumes that one measurement method is fixed and determined by the investigator, whilst the second method is not. This situation rarely exists in clinical studies. Weighted least products regression assumes that the investigator determines neither measurement method, as is the case with our study. Most studies have reported the standard deviation of the difference between paired samples (SDdiff) to quantify how well methods agree. We have reported this value to allow comparison with other studies. The SDdiff between TOE-derived cardiac output and thermodilution ranges from below 0.5 l/min 4,8 , 0.5 to 1.0 l/min 1,3,10,12,13 , 1.0 to 1.5 l/min 6,7,9 and as high as 2.2 l/min 11 . Our study falls in the mid-range of these studies.
The sources of error in the Doppler methods include error in the measurement or calculation of the orifice area, Doppler alignment greater than 20°a nd the non-uniform velocity profile within the orifice area 4 . The key advance in TOE has been the introduction of multiplane imaging, which allows excellent visualization of the aortic valve in cross section and accurate measurement of the left ventricular outflow tract diameter from the midesophageal 120° view 4 . It has also facilitated better Doppler alignment through the left ventricular outflow tract and aortic valve 3 . Theoretically, the continuous wave cardiac output method described has the fewest sources of error because the orifice area is directly planimetered rather than calculated, the orifice area is unlikely to change under different flow conditions 26 and the velocity profile is more uniform with continuous wave than pulsed wave 4 . The most common limitation to the technique is the presence of calcific aortic valve disease, causing a dropout of the Doppler signal with continuous wave 23 . In this instance, the pulsed wave method can be used because the Doppler sampling point is positioned proximal to the aortic valve. In our study we did not detect bias between pulsed wave and continuous wave methods with acceptable SDdiff between the methods.
The triangular orifice model for aortic valve area proposed by Darmon and colleagues 4 is theoretically superior to our method (planimetry of the fully opened valve) because it represents an average valve area throughout systole. Their method however, only applies to normal aortic valves and could be incorrect in the presence of aortic stenosis. We elected to use the area of the fully opened valve because we included abnormal valves in our study.
Other limitations of the study include the potential for the cardiac output to change during the time taken to perform the measurements (less than five minutes) and the fact that a single operator performed all measurements, making blinding impossible. The former problem is unlikely to be a source of significant error as the time was brief and other cardiovascular measurements were stable. The use of a single operator to perform the TOE assessments is our usual clinical practice.
From our data it is not possible to conclude which method is the most accurate. Although thermodilution has become a widely accepted method of cardiac output measurement, it has also been extensively criticized as a reference method 12, 27 . It is associated with considerable variability and it is common practice to perform repeated measurements until three observations that are similar are obtained. The high and low values are then excluded and the remainder averaged 22 . The variability is reported in the order of 15% 27 . Unfortunately there is a paucity of human studies comparing TOE methods with more accepted reference methods such as Fick or dyedilution. Most TOE studies are conducted in anaesthetized or critically ill patients where Fick or dyedilution studies would be difficult to perform. Furthermore, these methods are not validated in this subgroup of patients 12 . Axler et al 11 attempted to compare Fick and dye-dilution with TOE, using left ventricular area change to derive stroke volume. They showed modest correlation and poor agreement between all three methods. Unfortunately, the TOE method they used is less accurate than Doppler methods 12 , their patient numbers were small and they grouped multiple observations from patients rather than single observations from each patient. Further studies comparing TOE with Fick or dye-dilution would help to determine if TOE is more accurate than thermodilution in the measurement of cardiac output.
Thermodilution is the most commonly used method for cardiac output measurement in anaesthetized or critically ill patients. TOE is increasingly used in the routine monitoring and diagnostic evaluation of these patients, as it offers information not obtainable with a pulmonary artery catheter with 589 CARDIAC OUTPUT BY TRANSOESOPHAGEAL ECHOCARDIOGRAPHY fewer complications. Our data suggests that measurement of cardiac output using either of the continuous wave or pulsed wave Doppler methods described can be a reasonable clinical alternative to thermodilution cardiac output measurement.
